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The variables influencing erosion in wet-vapor turhirws are  identified 
and discussed in this ~ I ~ r n u r a n ~ ~ i ~ i .  Iiiformatinit is presented that \vas 

obtwined from a visit tu research i ? ~ 5 t a ~ l a t i ~ i i ~  in Grcat Britain during 
Octolwr of 1965. The applicability of this intonnation to thtt fonl~rila- 
tion of  an analytical nrodel of erosiori in ~ i ( ( ~ i ~ d - I ~ ~ ~ ~ ~ a 1  capor turbiries is 
iridicated. Phenorncna for which rcsnlts are giveri arc moisture forma- 
tion, moisttire collccfion, droplet shedding, droplet breakup, liquid 
impact, arid material removal. A i d ~ r t i c a l  expressioiis arc iiidicattd for 
nwisturc forrnatiori, moistitre collection. droplct lmbakiip, a i i d  l i ( j i i i (1  

impact. Experimc>rital results for dropkt shcddirig and material winoval 
are  sunnxnarizecl. Tht: sizal>le scatter of expcrirnc~ital data from r.natc,- 
r i d  reinoval expcxrinicwts and the lac4 of srrRc*icwtly accurattx licpiicl- 
rnetal property. data will limit the accrirac-y of thc aiial? tical motlt~l t o  
1 ,e f c 1111 1 II la t t d . 
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has arisen in Great Britain a significant research effort 
including the fields of moisture formation, moisture col- 
lection, droplet shedding, droplet breakup, droplet im- 
pad, and material removal. By comparison, the efforts in 
these fields in the United States have been quite modest. 
Because the value to the potassium programs of the 
British work with steam was apparent, the author visited 

the appropriate research installations during 25 to 29 
October 196!j. Table I summarizes the Iaboratories vis- 
ited and lists personnel contacted, together with their 
areas of technical interest. The following Report, in addi- 
tion to presenting the information exchanged, applies 
the findings to the problem of erosion caused by liquid 
metal impact. 

Table 1. laboratories and personnel visited 

impact pressures 

Leatherhead, 
Surrey, Englond 

\ Central Electricity 
Research Laboratory 

I 

I 

1 Cavendirh Laboratory 1 

i 1 

i 
i 

Cambridge, England 

D. G. Christie 

G .  C. Gardner 
M. Moore 
K. H. Jalliffe 

I 
J. H. Brunton 
G. P. Thomas 
M. J. Wilson 

Droplet formation and collection 

Droplet shedding and breakup 
Impact damage mechanisms 

Crystalline damage effects j lnstrumentatian 

1 Liquid impact pressure 
lmpoc? damage mechanisms 
Surface influence an damage 
Material removal mechanisms I 

I 
National Engineering East Kilbride, Sco?land 1. M. Hobbr Erosion and cavitation test results 

D. T. Jamieron Surface influence on damage 
Accommodation coefficient far condenrotion 

1. M RE 

’ I ’h . t~  * z l k 9  n i t (  r m i  ctroplt*ts arc formed in vapor during 
t l iv  c.xprt\iorr proecss iippears to be one of the least 
eontrovcr\ial s u b j t r t s  of trirhinrr erosion. The consensuS 
at t l i r  Central Electricity Roearch I ,&oratory (CERI,) 
was that Gyarmathy’s (Ref. 1) treatment of this phe- 
nomriton was ~ i ~ I ~ ~ u a t ~  anti coufd he cxtended to liquid 
rncbtal vaporq, providing thc proper valucs of fluid prop- 
erties M-cw known. The results of his caleufations havr 
hem valid,itetl hy $is tests at Brown Bovari (Ref. 2) and 
arc in grmtml agsccmcnt Xyith other wmE\. Prohahly the 
most important point made in Cyarmathyi thesis is that 
performanctk loss tluc to moisture-and, hence, to erosion 
- c a n  be reduced if the reversion point (IVilson line) 
occurs in a rchgion of high pressure gradient. The location 
of thc revcrsiorr point in a high pressurt: gradient reduces 

F AT1 

the size of the condensation droplets. The formation of 
.imaller droplets in the flow reduces the amount of mois- 
ture callected and. subscquently. shed in damaging fonn 
from thc stator blades. It is believcd at both CERI, and 

rchwood that control of this initial droplet size is a 
promising tcichniquc for reducing erosion damage. 

The actual thrrmodynarnic location of the Wilson line 
for potassium vapor i s  not presently known. However. 
cloud rhamber Pxpc-riments have been conducted for 
other polymer \.apors (Ref. 3), and future tests with 
potassium are planned. 

The possihility also exists that the geometric location 
of the revcrsion point can be fixed by the creation of 

2 



artificid c ~ i d r . t w , i t  ion nur1c.i by thv introduction of ion- 
i h g  radi,ition or electric ficlds. Control of the initial 
cfroplx*t a i7e  through this mechanism is ,$ design tc~chnique 
that should bc ccrnsidercd for rducing potassium turbinc 
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S A EAK 

locations for thr droplcts to coalesce and grow to l a r p  
siws lwfore twing drtachcd from the Made. 

Thc vcry interrstiizg process of drtachmrwt might bt 
.itnc.nahle to a1rdysis. The following steps can he swn 
in the films of the trailing-edge droplcts (5hoirn in Fig. 2). 

A tlropllct grows to ii siLe that is about cqud to thc 
tmiling-cdge thickness of t l tc  hladt.. itself. 

Htmioulli ;inti drag forces occur \r hen the liquid 
mars grcn s 1argcJr t h m  the u-akr region m t I  i\ sub- 
jwtcd to ;I higher vapor vc~locity. 

Tht, ,ttw\,c. forccr C:NISC~ a flow in the dircvtiori of t h r  
f r w  \q)or  strwm. 

Surt,iccA tcnrion c,tiiws thr drop to rtJtover :ind re- 
verw Aow. 

Oscillations 'ire thus 5c.t up that grow irt ;unplitudc 
rmtil thy  surfacc-tcJiision fore<. Lr not cufficicnt for 
rwovvry arid the t ip of the t1roplt.t strips off. forming 
wver,d w d c r  droplets. 

The owillations werc very rcgular and appearcd to 
have ii pt>riotl of about r? to :3 msec for the flow condi- 
tions tested. No nridytical treatment of this problem is 

BREAK 

c-------,I 1 
VAPOR Ll / 

m V l 6 i n .  

Fig. 1. Nozzle blade tested in CERL steam tunnel, showing areas of attachment and design features 
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PERIOD OF OSCILLATIONS tz 2 TO 3 msec 
-5  TO IO DROPLETS SHED FOR EACH CYCLE 
- 5 T O  I O  OSCILLATIONS/CYCLE 
VAPOR VELocirY 700 TO io00 ft/sec 
DROPLET SIZE 360 TO I700 p 
N O N - ~ ~ T T i N ~  OF SOLID SURFACES BY DROPLETS I 

VAPOR FLOW 

n 
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A 

A- WATER STREAMS IN CORNER OF NOZZLE 
B-FLOW INSTABILITY CAUSING BREAKAWAY OF WATER A 

C -  WATER CONCENTRATED BY SECONDARY FLOW IN NOZZLE 

0- WATER DROPS SHEDDING AT PREFERRED POSITIONS (VERTICAL ARROWS f 
E - AREA OF FLOW SEPARATION CONTAINING WATER 

F - U P  STREAM LIMIT OF VIEW DUE TO INCLINATION OF PERISCOPE 
HORIZONTAL ARROWS INDICATE DIRECTION OF MOVEMENT OF WATER DROPS 

Fig. 3. Sector of last low-pressure diaphragm showing sources of erosion-producing water drops on the 
downstream convex face and outlet edge of fixed nozzle blades 2 to 6 (after CERL) 

be rxpected. Fligher values of vapor velocity and density 
gmerally result in more rapid acceleration of the liquid 
droplets. Also. smaller droplets are acceIerated at it 

higher ratc than are larger droplets. The excessive scatter 
and thc apparc*ntIy itnomalqus trends were probably clue 
to variations in spatial location of the shed droplets that 
chiingecl t h r  value of local vapor velocity to which they 

c d .  The results of Fig. 3 could prow useful 
g calculation of the wake velocity, which 

would be required to produce the measured droplet 
velocity. T h i s  wake velocity might then be related to the 
observed diameters of shed droplets to gain insight into 
the shedding process and be used to provide estimates 
of the droplet residence time. 

The time required for breakup is usually obtained by 
taking the shorter of the times calculated for breakup, 

considering the Img-btirsting mcchutlism or Taylor strip- 
p i n g  nzccliaiii~m I Refs. 5, 6). Cardner fetils that the rc- 
stilts for Imth breakup time and final diameter ohtaincd 
in this way are adequate. providrd the wake velocity is 
knonm. As examples of the values of break times calcu- 
lated, Gardner prtbqents the following: 

Steam velocity 1200 ft/see 

Steam spccific volume 200 ft’/lb 

Droplet initial size 500 /.L 

Crititd diameter 100 p 

Breakup timc for bag-bursting 
mechanism 1.84 X IO ’sec 

Breakup time for Taylor 
stripping mechanism 0.41 x 10-’sec 
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CURVE VELOCITY, PRESSURE, 

L 764 0.656 
P 1020 0.656 
3 96 1 1 00 

. 4  9 76 I61 
5 I I80 I 7 2  

f t/sec psia 

01 10 I 

OROPLET SIZE, m m  

Fig. 4. Droplet velocify ws ~ ~ o p l e ~  size at a location 
d o w n $ t r e a ~  from stator blades in a wet 

The npttic-s system inctallcd ill t frc  opmiting stcwn tur- 
bine h a  also lwrn uscd to ol)tain Xenon flash phnto- 
graphs o f  droplets arriving ;It ttw rotating bladcl;. l’hc 
maximrim cliitmeter observed \viis 45-0 which is about 
the samc value as the maximum size shed. Thk indicates 
little or no breakup i s  occurring in the interval betwt*(m 
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Part of the p-olJItm of t-Lrosion is that the prcrsurc’s 
prediet c.d ;it t h c .  lo\vcr-impac t velw it ies producing mat e- 
rial l(>.;~ arc. lowcr than the yield or fatigue strengths of 
materials. 

Thfb possibility of local high pressures being produced 
b y  cavitation in the impact process has been suggested 

FREE SURFACE 
CLOUD OF 

CAVITATION 
/ BUBBLES 

COMPRESSION 

L I M P U L S E  L. WALL 

Fig. 5. Schematic of cavitation induced by pressure 
release wave (after G. P. Thomas, Ref. 1 1 )  

8 
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In the specimens at Marchwood, the original surface 
was seen on s m e  peaks when the depth of material 
removal was as high as '$8 in. The peaks apparently 
remain because as the impact area hecomes smaller, the 
duration of tho application of the peak impact pressure 
becomes very short. For example, it has been observed 
at CERL, that when pins are tested in jets the erosion 
rate is much smaller than it is for plane surfaces. 

. E x ~ e r i m e ~ f f f ~  Results 
Several experimental results have been obtained that 

furnish information on thr* rate of weight loss for 
multiple-impact erosion. These experiments arc not di- 
rectly applicable to liquid mtital erosion hecausr of dif- 
fcreneer in srich r+iaracteristics as fluid acoustic properties, 
material proptbrtic"5. temprraturt., and the cmrosive uature 
of the Nuid. f IowIwr, gencd  trends :ire indicated that 
may prove ust-ful in tur1)intS design. 

I(, n,  V, =- constants which must be empirically 
determined for each material 

8 =r angle of impact 

V = veloeity of impact 

.For the case of a 13%-chromium stainless steel, the 
velocity constant V, was found to be 390 ft/sec. The 
power of the velacity was 2.6. This result differs from 
that of Hohbs, who finds the exponent of velocity to be 
4.0. Pearson states that, as a general rule, the pco stress 
corresponding to his critical celocify seemed to be about 
1:: the fatigue strength for iron-based alloys and about 

cobalt-based alloys. His remlts show in- 
with increasing droplet diameters. except 

tor some anomalous results at the lowest diameters. ln 
gcnrml, t h r  pit wd th  on the hfarchwood erosion snmp1t.s 
shoived a c h e  correspondence to the droplet diameter , 
t c . \ t t d  i\luminum-ceramic whisker compositvs werc 
tested, hut nothing rcbmaincd except the tvhiskrrs. 

Two outstuntling cwxptions to  I lohbs' dutn correlation 
,ire ,iluminom i ) ro r t /~  m d  sti~llitr. both of which cxliihit  
superior erosion resistancr to materials of thta same h~ircl- 

Both he  and Pearson belit.\ v that thc diffcmmx. is 
possi1dy rcluttd to t h r s  combination of a ductile matrix 
and finely dispersed hard phase u.hich Occurs i n  both of 
thew materittls. They reason that the presence of the  
hard ph.ise may limit the initial defonnation of the cluctilc 
pliaw, \vhich was; ohscrvcd during the incubation period 
by Cambridge and CERIA. On this basis, it would appear 



J 

32 

29 

24 

2c 

2 

% 
E 
J 
a I& 

P 
a 

b- 

K 
Z 

VI 
0 
w 

12 

8 

4 

C 

X 

x -. 

. 
X 

I 
I 
i 
I 
I 
I 
I 

i x  
i 

I 
I 

X 
E I I 1 I I I I 

I 2 3 4 5 6 7 8 9 IO 

TIME, hr 

Fig. 7. Erosion rate VI time for a typical stainless steel specimen (from d. M. Wobbs) 

11 



JPL TECHNICAL E M O ~ A N ~ U M  NO. 33-271 

EACH CURVE CORRESPONDS 
TO A DIFFERENT MATERIAL 

VI v2 

TOTAL VOLUME OF MATERIAL REMOVED 

Fig. 8. Influence of total material volume loss on 
erosion rate (after J. M. Hobbsl 

T I M E  

Fig. 9. Influence of surface finish on weight loss 
(after J. M. Hobbs) 
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PERISCOPE 

Fig. 11. Geometry of optics and turbine blading (after CERl l  

i 
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Ip see 

TIME 

Fig. 12. Schematic of electrostatic droplet probe circuit a n d  typical pulse (after CERL) 

SCALER 
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Research on turbine erosion, including its associated 
I~h~~noinena, is quite advanced in Great Britain. This 
appears to be due rnainly to an early recognition of the 
problem and a decision to attack it an a basic, rather 

el. While the equi~ment  and facilities 
sophisticated than those a\ ailable in 

the United States, a good deal of basic thotight and 
ingenuity hns heen applied to the equipment available, 
and mea~ingf~il  tests have been conducted. 

The results of work with L t t w n  iri Grcaat Britain cannot 
be directly applied to the prohlcm of erosion in iiquid 
metal tiirbincs I Ioumeer, the following general con- 
clusions were .formrd t is a rcsult of information acquird 
on this visit. 

1. Existing cumhisation theory is probably adequate 
for liquid metnls. However, a ctefinitive experiment 
is lacking, and ,ic.curatc dat'i 01% surface tension is 
nccd td .  

8. Some mechanic.;tl tlmwgc. reduction may oc'cwr 
xvith iiquic! inc>t,ils twc.au\e of the  high dcgrw of 
\\retting ,i~d the suhwqiicnt rurf,iccb film : ~ c l l i c ~ c * n c c ~ .  

2. Location of the rrversion point in a region of high 
pressure gradient is a promising terhnicjuc. to r ~ i -  
duce ero4on. 

3. Gyamathy's treatment of collcBction should be d e -  
quate for liquid metals. however. i i  definitive stcarrt 
test is needed to chooce hetween his model and 
Cardner's. 

4. Thc flow phrnomena that dorniniltc droplet shed- 
ding and brcbcikup an' the occurrences of wakes 
and swondary Ho\vi Ihe  shedding phenomenon i 4  

repeatable arid, from thv CERL films, ,ippcnrs 
amenal)le to analysis. Incrrases in the stator-rotor 

uld increase hrctakiip, resulting in decrr~ast~d 
erosion. 

5. The area average ~~c'ak-i~np:wt pressures are gistan 
hy the water hammer prwiure pcv. €Iowt.vc.r, loc,il 

or adiihatie compression which exceed this v,t?ut~ 
by a factor of 2 to 3 or greater. The duration nt 
the applied pressure is proportional to the diiimetw 
of the impacting droplet or jet. 

6. The initial darnage in multiple-impact erosion is 
due to local weak areas in the material which 

prmsures can result from 3iunroe jets, ciii it, d t '  loll. 

11. The optic,il mt>ii\iircintwfs in oprgttting turl)ntt,\ 
mid e,t\cadr\ m, tc f t .  at CE1<1, ; ippwr t o  bc t h c .  
rrsiilt of str,iigtitfor\\artl tcchiiiqws. Ap1)liwtion 
ot thc*st. tcvhtriqiie\ to r m d  gcometrirs \\ ith \ t w i i i  

appc"ir4 feusil>ltz, the possit)ilit!, also exist5 for tltthir 
eventual application to liquid mtht'als through the 
use of sapphire windo\rs. The clrrtrostntic probe 
developed a t  CENI, can be applied dirtxctlp to 
liquid mctal turbinw to measure droplet site. 
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